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The tunability of magnetorheological elastomers is critical in diverse engineering applications where 
adaptive vibration control and isolation capabilities are demanded, such as for civil structures during 
seismic events and for vehicle systems. Traditional magnetorheological elastomers are limited by the 
applied magnetic field strength and a saturation threshold of ferromagnetic particle filler to produce 
significant tuning of properties. To enhance the adaptation of static and dynamic properties using 
magnetorheological elastomers, magnetoelastic metamaterials were recently investigated which leverage 
the combined influences of applied magnetic fields and the reconfiguration of internal void architectures 
controlled by combined magnetic field and strain field application. The concept of magnetoelastic 
metamaterials provides an innovative technique to control the material system properties in real-time. Yet, 
apart from the first demonstration of potential, the opportunity to fully exploit the internal void architectures 
remains unfulfilled since there is no conclusive understanding on relations among the internal void 
architecture geometries and the application of strain. Therefore, this research seeks to undertake a rigorous 
experimental and computational effort to comprehensively explore the interactions among metamaterial 
cellular void architectures to illuminate best means to tailor static and dynamic properties. For this 
topological study, the cellular structures are constructed with single or multiple layers of connected cross 
beams that included uniform and graded thicknesses of 0.80 mm, 1.00 mm and 1.20 mm. These geometries 
are also studied through an individual unit cell on which the entire architecture is based upon. After these 
specimens are fabricated, the mechanical properties are then characterized through quasi-static 
compression. Experimentations and simulations data analysis demonstrated a series of geometric designs 
that collapse at multiple critical strains during compression. By systematically configuring the preliminary 
geometric design, critical strains and local stiffness changes around layer collapse are accurately controlled. 
Through unit cell periodicity and strategic acrylic inserts, it is shown that collapse behaviors could further 
be controlled to exhibit stress distributions and collapse profiles similar to theoretical unit cell behavior. 
This understanding will guide future work to establish multiphysics modeling that illuminates the inner 
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1.1 Background and Previous Research 
During seismic events, civil structures like bridges and buildings use base isolators to limit transmitted 
vibrations that harm structural integrity [1] [2]. Similarly, in transportation systems, the transmission of 
motion from the suspension into vehicle systems (e.g. cars, trains, etc.) is dependent upon the vehicle speed, 
rate of turn, and other factors [3] [4]. These examples shed light on applications where static and dynamic 
properties in structural isolators and vehicle suspensions must adapt to provide the desired real-time 
performance. These needs have recently been addressed by adaptive materials known as 
magnetorheological elastomers (MREs), a smart elastomeric material system with embedded ferromagnetic 
micro-particles. Without the presence of a magnetic field during curing, the particles are not aligned, also 
known as isotropic MREs [5]. On the other hand, with the presence of a magnetic field during curing, the 
particles are aligned, and are termed anisotropic MREs [6]. When subjected to an external magnetic field, 
the embedded particles tune static and dynamic properties (i.e. stiffness and damping) by combined particle 
motion and thus by local stress change within the overall material matrix [7]. Due to the useful properties 
adaptation obtained by non-contact mechanisms, MREs have been widely investigated for applications of 
noise and vibration control [8] [9] [10] [11]. Even though MREs provide properties tuning, large magnetic 
fields are required to yield significant alterations of static and dynamic properties. The property changes 
are ultimately limited by the particle filler proportion and a saturation effect that bound the maximum 
capacity for tunability [12]. As a result of these concerns, new mechanisms to tailor properties of engineered 
material systems are of recent research attention.  
Elastomeric metamaterials with internal void architectures have been a type of material system under 
investigation which are engineered to produce specific static and dynamic properties advantageous in shock 
and vibration applications. By utilizing architectural void designs, buckling behaviors are leveraged to tailor 
properties such as stiffness, and critical strain [13]. Recent investigations in elastic structural instabilities 
illustrated unit design manipulations that control local nonlinear stiffness plateaus [14].When subjected to 
dynamic loading, elastic buckling behavior exhibited controlled elastic energy absorption and wave 
propagation [15] [16]. Further studies in the viscoelasticity of such material systems have improved 
damping behaviors for shock and vibration under critical point constraints [17] [18]. Such innovative 
methods to leverage elastic buckling in cellular geometries have demonstrated the potential in MRE 
systems. The balance between strategic internal void architectures and the magnetic field stimulus on MREs 
have shown significant impact on both static and dynamic properties tuning in magnetoelastic 
metamaterials (MMs) [19].  
1.2 New contributions from this research 
While these investigations have demonstrated the effectiveness of MM concepts to greatly tailor properties 
for load-bearing and vibration control purposes, a comprehensive understanding of strategies to harness 
these capabilities remains outstanding. This research will build on the MMs concept to extensive 
characterize the full opportunity to strategically leverage the influences of internal void architectures. 
Through programmable geometric designs, the ability to tailor the mechanical properties of MM systems 
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will be explored by utilizing unit cell modifications, periodicity and gradient designs to control collapse 
behaviors during compression. The strategic control of such collapse events coupled with the magnetic field 
effects will significantly improve the real-time tunability of such material systems for vibration control 
applications.  
1.3 Research goal 
Through computational studies and experimental validations, the goal of this research is to uncover the 
relationships between parameter design and layered assembly of specific unit cell architectures to provide 
controlled mechanical properties that improve the tunability of MMs. By systematically configuring a 
preliminary unit cell, this research will provide an innovative method to predict critical strains and stiffness 
changes around local collapses during compression. Achieving this goal will allow for the real-time coupled 
magnetic field effects to leverage the elastic buckling behaviors of cellular geometries around the critical 
point in MMs.  
1.4 Overview of thesis  
This thesis is organized as follows. Chapter 2 discusses the finite element methods followed in this 
investigation to simulate unit cell and full geometric models, as well as the fabrication procedure and the 
experimental setup to test the material systems with the integrated architectures. Chapter 3 systematically 
analyzes the results in sections pertaining to each geometric series explored in this research including unit 
cells, horizontal and vertical periodicity, as well as graded geometries in silicone rubber and 
magnetorheological elastomers. Finally, Chapter 4 summarizes all the geometric findings and highlights 





This investigation includes both computational studies and experimental validations to fully understand the 
behaviors of the geometric series. All void architectures studied in this research could be represented with 
a single unit cell that constructs the full geometry. Thus, Chapter 2 will introduce unit cell computational 
studies, and then expand on such concept to simulate the collective behaviors of these unit cells in a material 
system. Subsequently, specimen fabrications and experimental quasi-static testing setup will be described 
which validate the computational results.  
2.1 Finite element model investigation 
Previous studies have illustrated the practicality of the finite element (FE) method to approximate 
elastomeric structural/material behaviors observed experimentally [13]. For this research, ABAQUS FE 
software is utilized to model the elastomeric material system with the internal void architectures of focus. 
Since the 3D structures examined experimentally have a constant cross-section that extends through a depth 
of 22.5 mm, this research utilized 2D plane strain models to simulate the system. The response of the 
elastomeric material used to fabricate is captured using a hyperelastic Neo-Hookean model. Since this 
investigation gives attention to uncover the influences of the internal void architectures rather than on the 
roles of magnetorheological materials, the elastomeric matrix material properties will be utilized in the 
models. This modeling assumption is justified through experimental results that illustrated similar stress 
profiles between elastomeric metamaterials with and without 30 % ferrous particle volume in the absence 
of the magnetic field. The properties utilized in the computational models are presented in Table 1 which 
are determined through material characterization tests using bulk silicone rubber cylinders.  
Table 1. Properties corresponding to the silicone rubber type used in simulations 
Property Value 
Density, ρ 1145  [𝑘𝑘𝑘𝑘/𝑚𝑚3] 
Young’s modulus, E 475 [𝑘𝑘𝑘𝑘𝑘𝑘] 
Poisson’s ratio, v 0.499 
 
To further capture the material system behaviors observed experimentally, self-contact is modeled using a 
penalty method with friction penalty of 0.9. All simulations presented in this thesis utilize such modeling 
framework and assumptions. The two subsequent finite element modelling sections describe the geometries 
and boundary conditions used in the computational investigations.  
2.1.1 Description of unit cell FE models 
To fully understand material systems with cellular geometries, unit cells with representative boundary 
conditions are studied to uncover the theoretical behavior of the collective architecture. For this 
investigation, two unit cells illustrated in Figure 1 are identified. These unit cells fully describe the whole 
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material geometries represented in Figure 2. The unit cells shown in Figure 1 can be described as ‘X’ beam 
geometries confined in 6.00 mm x 6.00 mm square elements. Additional 1.00 mm horizontal beams added 
to the square element in the unit cell shown in Figure 1(b) differ the two designs from each other. Both unit 
cells are modeled with three varying beam thicknesses of 0.80 mm, 1.00 mm and 1.2 mm for a total of six 
conducted simulations.  
 
Figure 1. Boundary conditions applied in simulation on two unit cell types; (a) with 1.00 mm horizontal beams from top 
and bottom, and (b) without horizontal beams. 
To model quasi-static compression, a vertical displacement boundary condition is applied to the top surface 
of the unit cell while the bottom surface is encastered. In addition, periodic boundary conditions (PBC) are 
applied to approximate the collective behaviors of the cellular unit in a larger geometric system. To 
implement such conditions, each boundary node on the element surface is constrained to a corresponding 
boundary node on the opposite surface. In this investigation, the left and right surface boundary nodes are 
constrained in the x- and y- direction, while the top and bottom surfaces are only constrained in the x- 
direction. Additionally, each pair of boundary nodes are constrained to two reference points, which is a 
method used to allow both degree of freedom to be included in multiple constraints in ABAQUS. Such 
conditions guarantee equal displacements in the specified direction between the boundary nodes on the 
opposite surfaces. The complete procedure is programmed into ABAQUS by formulating and applying the 
code presented in the Appendix after the mesh is applied to the plane. The unit cells are displaced in the y
-axis until full contact between the beams is realized.  
2.1.2 Description of full geometry FE models  
Three classes of material assemblies are constructed from the unit cells shown in Figure 1 and studied in 
this research. Such architectures will investigate the collective behaviors of unit cells repeated 
systematically in the x -and y -axis. Illustrated in Figure 2(a), the single layer geometry studies horizontal 
periodicity by increasing the number of unit cells in the x -axis, where the beam thicknesses are uniformly 
1.00 mm. Figure 2(a) demonstrates a material geometry containing 5 unit cells tiled in the x -axis. This 






Figure 2. Boundary conditions applied in simulation on three geometric series; (a) single layer geometry with 1.00 mm 
beam thickness, (b) three layer unifrom geometry with 1.00 mm beam thickness, and (b) three graded layers geometry 
with 0.80 mm, 1.00 mm and 1.2 mm beam thicknesses. 
Vertical periodicity of the horizontal single layers is studied through the material geometry shown in Figure 
2(b). Such geometric construction is represented by a single 1.00 mm unit cell included in 3 uniform layers 
repeated in the vertical y-direction. Finally, Figure 2(c) illustrates a material geometry comparable to the 
theme of that in Figure 2(b). Yet, the material geometry in Figure 2(c) changes the beam thicknesses per 
layer in the y-direction of the assembly. In other words, the material in Figure 2(c) includes layers having 
beam thickness of 0.80 mm at top, 1.00 mm in the middle, and 1.20 mm in the bottom layer. Additional 
material models similar to Figure 2(a,b) are also composed where the horizontal beams are acrylic instead 
of the conventional silicone rubber. The acrylic material properties are given in Table 2.  
Table 2. Properties corresponding to the acrylic used in simulations 
Property Value 
Density, ρ 1180 [𝑘𝑘𝑘𝑘/𝑚𝑚3] 
Young’s modulus, E 28 [𝐺𝐺𝑘𝑘𝑘𝑘] 
Poisson’s ratio, v 0.37 
 
Similar to the unit cell investigation, 2D plane strain with identical silicone rubber material properties are 
also utilized in Abaqus FE. Yet, the full geometric models are modeled to undergo quasi-static compression 
without periodic boundary conditions. As shown in Figure 2, displacement is applied on the top surface 
while the bottom surface is encastered. The mesh is changed accordingly to accurately capture all aspects 
of the various geometries with seed sizes varied between 0.20 mm and 0.10 mm.  
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2.2 Specimen fabrication 
2.2.1 Elastomeric matrix fabrication  
The silicone rubber utilized in this research is Smooth-On Mold Star 15S. Such material is initially mixed 
in liquid form and then poured into 3D printed negative of the desired specimen with specific internal void 
architectures. The molds are 3D printed in two parts, which include the base and the shell like seen in Figure 
3(a). After the parts are waxed together, the liquid silicone rubber material is poured into the mold for the 
curing process. Once cured, the specimen captured in Figure 3(c) can be demolded.  
 
Figure 3. Demonstrates steps for the single layer geometry fabrication starting with (a) 3D-printed shell and base, (b) 
waxed shell and base, and (c) Mold Star 15s ™ in the mold after curing  
Due to the 3D printer precision limitations, physical specimen dimensions may deviate from desired 
specimen dimensions by around 100 μm or less. In this research, attention is given to ensure that the 
specimens evaluated in experiments are as close as possible to the desired physical dimensions. Yet, for 
specimens that exhibit deviating physical dimensions from the nominal values, the FE simulations use the 
correspondingly changed parameters for best agreement to experiments. 
2.2.2 Magnetoelastic metamaterial fabrication  
In MMs, Mold Star 15S silicone rubber material is chosen to serve as the elastomeric matrix. Iron Oxide 
ferrous powder is added to the silicone rubber during the mixing of the liquid phase. The magnetic micro-
particles have an average mean diameter of 30 μm. The powder is thoroughly mixed with the silicone rubber 
to ensure isotropic mixtures. For isotropic MM specimens, the mixtures are poured into molds similar to 
those shown in Figure 3. Anisotropic specimens are fabricated by pouring the mixture into molds similar 
to Figure 4(c). Such molds are designed with steel inserts to allow maximum magnetic field density through 
the mixture when placed in the electromagnet shown in Figure 4(a). Thus, while curing when subjected to 
the magnetic field, the ferrous particles are aligned in the direction of the magnetic field, as illustrated in 
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Figure 4(b). At 7.5 A, the electromagnet generates up to 0.50 T through the mixture. After the curing 
process, the specimen are demolded and the mechanical properties are experimentally evaluated.  
 
Figure 4. Demonstrates anisotropic magnetoelastic metamaterial fabrication setup using an (a) electromagnet that 
induces a (b) magnetic field through the (c) mold with steel inserts  
2.3 Experimental setup  
After the fabrication process is completed, specimens are tested under a load frame (ADMET eXpert 5600) 
setup as shown in Figure 5. The specimens are displaced at a slow rate of 0.5 mm per minute to insure 
quasi-static compression. By utilizing a force transducer (PCB 110205A) and a displacement laser 
sensor(Micro-Epsilon optoNCDT ILD1700-200), force and displacement voltage measurments are 
collected through a data acuisition system (NI USB 6341 Multifunction DAQ) setup. All data is then 
analyzed in MATLAB through the code presented in the Appendix. Photo snapshots are captured during 








3 RESULTS AND DISCUSSION  
From the experimental and computational data, the results are analyzed to investigate strategic geometry 
manipulations and study their impact in elastomeric material system. By identifying unit cell behaviors in 
collective geometries, collapse trends are uncovered and explained during quasi-static compression. Output 
force along compressive displacement, as well as experimental and simulation images are examined to 
understand such internal void architectures with comparison to unit cell behaviors. 
3.1 Initial collapse observations  
Prior to unit cell investigations, initial geometry observations motivated the study of such internal void 
designs. The preliminary geometric concept is applied to the specimens seen in Figure 6. The single layer 
of unit cells architecture shown in Figure 6(a) includes five unit cells, where the X-shaped cross-section 
beam thickness is uniformly 1.00 mm. On the other hand, the geometry shown in Figure 6(b) is constructed 
from three layers with five uniform unit cells in each layer. This graded geometry increases in the X-shaped 
beam thickness with 0.8 mm in in the top layer, 1.0 mm in the middle layer and 1.2 mm in the bottom layer. 
Such specimens are computationally modeled and experimentally validated to observe their behaviors 
under quasi-static compression.  
 
Figure 6. The images demonstrate physical dimensions of two geometry types; (a) single layer with 1.00 mm beam 
thickness, and (b) three graded layers geometry with 0.80 mm, 1.00 mm and 1.20 mm beam thicknesses 
From the load frame experimental evaluations and corresponding FE models, the uniaxial force-
displacement profiles in Figure 7 reveal unique changes of force as the load frame compressive 
displacement increases. The sudden reductions of the slopes of the curves in Figure 7 indicate collapse 
events occur, visually shown in Figure 8. For instance, the single layer of five unit cells shows a single 
collapse event in Figure 7 where the slope reduces greatly in simulation and becomes slightly negative in 
experiment. Such minor disagreement in the post-buckling/-collapse behavior is often associated with 
uncertainties in the fabricated material cross-section geometry and with the flatness of the top and bottom 
surfaces of the material specimen when acted on in the experimental load frame. Nevertheless, the critical 
force and critical displacement at which the collapse occurs for the single layer in Figure 7 are in excellent 
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agreement between the FE simulation and experiment, justifying the computational formulation established 
here. For the material with 3 graded layers, Figure 7 shows that three collapse events occur (labels D, E, 
and F shown in Figure 8). For any given collapse event, the slope of the curves in Figure 7 changes 
substantially. The slope of the force-displacement profiles is the uniaxial stiffness that governs the dynamic 
stiffness of the material. The results of Figure 7 therefore suggest that the layering and grading scheme of 
the X-shaped material cross-section enables one to design a range of applied static force over which the 
dynamic properties may be tuned.  
 
Figure 7. Output force as a function of compressive displacement for single layer, and 3 graded layer geometry  
Captured experimental images shown in Figure 8 and compared to the plot in Figure 7, illustrate that such 
significant stiffness changes are caused by the collapsing of the geometric layers. Thus, the quantity of 
these collapses is directly proportional to the quantity of variant layers included in the architecture. It could 
also be inferred that the point at which these stiffness changes occur is the critical point of buckling, 
demonstrated by the rotational tendency of the beams shown in the images. Such rotational collapse 
behaviors cause local stiffness reduction stages until complete contact is achieved in each layer, shown in 
Figure 8(b) at E and F. Furthermore, the graded geometry illustrates that collapse in thinner beam layers 
result in higher stiffness reductions, as well as lower displacements at critical point when compared to 
thicker beam layers. Even though the single layer geometry shown in Figure 8(a) is constructed from the 
identical 1.00 mm unit cells of the middle layer geometry shown in Figure 8(b), their critical strains and 
force do not seem to be identical. As shown in Figure 7, the single layer critical strain is significantly lower 
than the second critical strain of the 3 graded geometry, as well as the force is significantly higher in the 
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single layer.  As a result, it could be inferred that such layers do not behave independently of each other 
and further research is needed to completely understand these behaviors.  
 
Figure 8. Photographs during load frame experiments of (a) the single layer geometry, and (b) 3 graded layers geometry. 




3.2 Investigation of unit cells  
Initial observations of the geometric concept have shown promising beam buckling behaviors that could be 
leveraged for vibration control. Yet, to allow for the control of such properties that accompany elastic 
buckling, the collapse behaviors must be completely uncovered. As a result, unit cell representations are 
investigated to develop a fundamental base with which the full geometric behaviors can be explained. As 
shown in Figure 9, both unit cells modeled illustrate higher critical point displacement values for thicker 
beams. Similarly, Table 2 illustrates average stiffness values, or initial slopes determined (using linear 
regression MATLAB tool) for each unit cell model, which shows stiffness increasing with increasing beam 
thickness. It could also be seen that the unit cell model without horizontal beams have higher initial 
stiffness, and higher stiffness changes at critical point than the unit cell modeled with the horizontal beams. 
Such observation infers that the stiffness of the additional horizontal beam layers cannot be ignored, and 
that they act as two separate springs in series with the X-shaped element. Thus, when such springs are 
represented in a spring system, the overall stiffness of the unit cell with the horizontal beams decreases 
compared to the individual X-shaped element.     
 
Figure 9. Output force as a function of displacement in the two unit cell types with increasing beam thicknesses of 0.80 





Table 3. Initial stiffness values calculated for the two unit cell types with beam thicknesses of 0.80 mm, 1.00 mm and 1.20 
mm 
 
Such spring system could also be used to explain the negative stiffness observed after the collapse event 
shown in Figure 9. The unit cell without the horizontal beam is governed by a single spring, thus when the 
elastic buckling occurs, the stiffness of the entirety of the system decreases below zero. Yet, when the same 
event occurs in the unit cell with the horizontal beams, the stiffness of the horizontal beams remains 
unchanged which mitigates the total stiffness change in the multi-spring system. Similarly, such system 
could also explain the slight shift in critical displacement between the two unit cells for the same beam 
thickness shown in Figure 9.  Furthermore, between 1.9 mm and 2.0 mm of displacement, both unit cell 
models seem to intersect at a single point. As shown in Figure 10, the interception point is when the 
geometric element in both unit cells begins self-contact and the stiffness increase in the unit cell with the 
horizontal beams.  It is also observed that the stress distribution and the rotational collapse behavior are 
similar for the X-shaped element in both unit cells. Thus, these observations illustrate that the X-shaped 
element behaves similarly in both unit cells; yet, the stiffness of the additional horizontal beams affect the 
global stiffness of the entire unit cell, which causes a slight shift in the critical displacement and mitigates 
stiffness changes during buckling.  
Unit Cell Type Beam Thickness [mm] Stiffness [N/m] 











Figure 10. Von Mises stress distribution of 1.00 mm beam thickness (a) unit cell with horizontal beams, and (b) unit cell 
without horizontal at 2.00 mm of displacement 
Moreover, the rotational collapse behaviors seen in the unit cells are identical to the collapse behaviors seen 
in the experimental specimen initially investigated, also shown in Figure 8. This demonstrates that the 
choice of unit cell geometry and boundary conditions are accurate to describe the geometric concept studied 
is this research. As a result, such unit cells will be utilized as a fundamental base to systematically construct 
full geometric models and predict their collapse behaviors based on the results illustrated in this 
investigation.  
3.3 Investigation of horizontal periodicity  
After the fundamental unit cell behaviors have been established, full geometric models are systematically 
designed to uncover their complete behavioral patterns. The first geometric series is a single layer 
architecture constructed by periodically adding 1.00 mm unit cells in the horizontal direction as shown in 
Figure 12(a). Depending on the quantity of unit cells in each model, the force output data acquired from 
computations is normalized to force per unit cell. Thus, if a spring analogy could be used to describe this 
system, then the total model stiffness, Uk  could be represented by a set of unit springs in series similar to 
Figure 11 and equation 1: 
 
Figure 11. Single layer with five unit cells represented as a spring system with five springs in parallel. Each spring has a 





U unitk Uk=   (1) 
where U and unitk  are the number of unit cells, and stiffness per unit cell. Theoretically, by utilizing such 
analogy, all single layer force output data divided by the amount of unit cells must be identical to the unit 
cell stiffness. Yet, like seen in Figure 12(b), single layer geometries that contain a low amount of unit cells 
deviate the most from the theoretical unit cell results. Such deviation decreases as the unit cell quantity 
increase and that is apparent by the results which illustrate identical force per unit cell data between the 20 
unit cell single layer geometry and the unit cell representation. In addition, global critical point displacement 
values in the single layer geometries seem to approach the theoretical unit cell critical point location.  
 
Figure 12. (a) Demonstartes single layer construction from 1.00 mm unit cell, and (b) the corresponding plot of force per 
unit cell as a function of displacement for the unit cell, and single layer geometries with 3, 5, 8 and 20 unit cells 
According to Figure 13, the dependence of single layer geometries on unit cell quantity is caused by the 
two boundary unit cells differing behaviors. For instance, image C in Figure 13(b) illustrate five 
compressed unit cells; yet, only the three middle unit cells behave similarly and illustrate similar stress 
distribution when compared to the unit cell shown image C of Figure 13(a). The boundary unit cells alter 
the average stiffness of the complete system by behaving in a different matter due to the boundary 
conditions. Thus, by increasing the quantity of unit cells in the geometry, the proportional effects of the 




Figure 13. Von Mises stress distribution simulation snapshots for (a) 1.00 mm unit cell and (b) single layer geometry with 
five 1.00 mm unit cells 
This horizontal periodicity investigation proves that unit cell stiffness and critical point displacement values 
could be used to predict the complete behaviors of single layer geometries with large amounts of unit cells. 
Thus, by utilizing the stiffness values presented in Table 3, systematic design of single layer geometries 
could result in accurate control of collapse behaviors.  
3.4 Vertical periodicity investigation  
Building on the horizontal periodicity analysis, this investigation will study the effects of increasing the 
quantity of uniform layers in the vertical direction on the material system. To study such effects, a model 
constructed of three uniform layers of five 1.00 mm unit cells is initially simulated and experimentally 
validated. The homogeneous material system results could be seen in Figure 14, which illustrate consistent 
results between simulation and experiment. Similar to the single layer geometric series, such architecture 
seems to undergo a single global collapse; yet, such collapse stage is shaped by multiple local layer 
collapses that buckle with short intervals from each other which results in what appears to be a single global 
collapse. Due to excessive stress distributions through the horizontal beams, shown in Figure 16(b), the 
layers in the homogeneous specimen collapse in a continuous manner that does not clearly demonstrate the 
critical points at which individual layers buckle. In contrast, such local collapses are apparent in the multi-




Figure 14. Output force as a function of displacement for three uniform layers of 1.00 mm beam thickness for 
homogenuos material system of silicone rubber, and multi-material system with acrylic inserts 
Using the spring analogy shown in Figure 15, the initial stiffness of the geometry is theoretically represented 
by three single layer springs in series and each layer is represented by five 1.00 mm unit cell springs in 
parallel. Ash shown in Table 4, the simulated stiffness is calculated from the average initial slope (using 





Figure 15. Uniform geometry represented as three uniform springs in series with a stiffness equal to five times that of a 












       (2) 
Table 4. Presents initial theoretical and actual stiffness results for the three uniform layer with 1.00 mm beam thickness 
Horizontal Beam Type Theoretical Stiffness [N/m] Simulated Stiffness [N/m] 
Mold Star 15S 
(without acrylic inserts) 
2130.00 1511.10 
Acrylic 
(with acrylic inserts) 
2580.00 2616.19 
 
where L ,U and unitk are number of layers, number of unit cells and unit cell stiffness. According to 
calculation results presented in Table 4, uniform geometries constructed completely from Mold Star 15S 
are not accurately represented by the spring analogy. For instance, the actual stiffness value is 29.05% 
below the theoretical stiffness value. Such significant difference in stiffness prediction is caused by extreme 
deviation from unit cell behaviors in the collective system. Like seen in Figure 16(a,b), both simulation and 
experimental collapse images illustrate only one unit cell in the center of the geometry that follows similar 
unit cell behavior and stress distribution observed in Figure 10. All other unit cells seen in the geometry 
drastically deviate from theoretical behaviors. This is caused by stress distribution in the two middle 
horizontal beams of the geometry which bend when the system is compressed. Such bending result in 
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boundary conditions applied on individual unit cells in the collective system that are not identical to the 
boundary conditions used in the unit cell investigation. As a result, the spring system cannot be utilized to 
predict the behaviors of such material system.  
 
Figure 16. (a) Experimental snapshots of three uniform layers of 1.00 mm beam thickness without acrylic inserts, and (b) 
von Mises stress distribution at the same displacements. (c) Experimental snapshots of three uniform layers of 1.00 mm 
beam thickness with acrylic inserts, and (b) von Mises stress distribution at the same displacements 
To limit stress distribution and bending of horizontal beams, stiff acrylic inserts were included in the 
geometric model like shown in Figure 16(c). Simulation and experimental results of the multi-material 
system illustrate slight deviation like shown in Figure 14. Such deviation in initial stiffness and critical 
point displacement are caused by inconsistent procedures for fabrication and computational modeling. 
When modeling such system, acrylic properties were assigned to the horizontal beam cross-sections for the 
entire depth of the specimen; however, fabrication procedure included holes in the inserted acrylic plate to 
increase Mold Star 15S to acrylic adhesion. As a result, it is expected to have a lower experimental stiffness 
when compared to the simulation stiffness due to the higher silicone rubber density and lower acrylic 
density in the fabricated specimen.  
To calculate the theoretical stiffness for the multi-material system, equation 2 is still the governing function 
but with a different unit stiffness value. This geometric system is represented by the unit cell without 
horizontal beams shown in Figure 1(b). According to Table 4, the actual stiffness is only 1.43% above the 
theoretical stiffness, which is a significant improvement in prediction when compared to the homogeneous 
material system. Such results are also illustrated in Figure 16(c)(d) which shows uniform unit cell behavior 
during compression in the complete geometry. Additionally, critical point displacements must also be 
predicted from the unit cells to fully control the system. Based on the spring analogy shown in Figure 15, 

















  (3)    
,U L unitx L x∆ = ×                                            (4) 
where U , L , unitk , and unitx are number of unit cells, number of layers, stiffness of unit cell and critical 
strain of unit cell. Since the layers are uniform, equation 3 can be simplified to equation 4, thus the 
theoretical displacement at which the global critical point occurs in the three layer geometry is three times 
the displacement of the unit cell without horizontal beams. From Figure 9, the 1.00 mm unit cell without 
horizontal beams has a critical point at 1.10 mm. The simulated results for the acrylic insert material system 
has a critical point at a displacement of 3.30 mm; Thus, this illustrates that the spring analogy could also 
be utilized with unit cell behaviors to accurately predict the displacement at which global collapse occur in 
vertical layers of uniform geometry.  
3.5 Vertical gradient investigation  
This investigation will conclude the internal void architecture study by analyzing the same three layer 
graded unit cell geometry, shown in Figure 1(b), and explaining such behaviors through unit cell 
construction. Similar to the vertical periodicity, this analysis explores specimens constructed with three 
layers in the vertical direction but with varying beam thickness. Thus, each layer is represented by a 




Figure 17. Output force as a function of displacement in the three graded layers geometry modeled with and without the 
acrylic inserts  
As shown in Figure 17 and previously discussed in the initial observations, such geometric series illustrate 
three collapse stages at which each layer buckles. The thinner layers buckle at lower displacements, which 
is demonstrated by the unit cell study and also shown through the chronological order of layer collapse in 
Figure 19. Furthermore, this investigation also explores multi-material systems by inserting acrylic plates 
in the horizontal beams. Such inserts resulted in drastic stiffness changes at critical displacements and 
uniform unit cell behavior throughout the geometry when compared to the homogenous material systems. 
To further illustrate such effects, equation 5 is used to predict the initial stiffness of both material systems, 
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Table 5. Presents initial theoretical and simulated stiffness results for the three uniform layer with 1.00 mm beam thickness 
Horizontal Beam Type Theoretical Stiffness [N/m] Simulated Stiffness [N/m] 
Mold Star 15S 
(without acrylic inserts) 
2086.64 1691.00 
Acrylic 
(with acrylic inserts) 
2502.21 2559.67 
 
where U , L , and , Lunit tk are number of unit cell per layer, number of layers, and unit cell stiffness per layer. 
According to Table 5, the homogenous simulated stiffness is 18.96% above the theoretical prediction, while 
the multi-material system simulated stiffness is only 2.29% below prediction. Similar to the uniform layers, 
stiff inserts improve the prediction of total stiffness in the material system by allowing for uniform unit cell 
behaviors throughout the geometry as shown in Figure 19. Yet, when comparing unit cell behaviors in both 
homogeneous material systems with graded layers and uniform layers, the graded geometry illustrate unit 
cell behaviors much similar to the theoretical unit cells than the uniform geometry. This is due to the limited 




Figure 19. Demonstrates (a) experimental snapshots of the three graded layer geometry, and (b) von Misses stress 
distribution for the identical geometry at the same displacements  
Furthermore, spring analogy can also be utilized in the graded layer geometries to predict critical point 
displacement. According to equation 6 that models the system through unit springs, the theoretical critical 
point of the first collapse occurs at 0.001571 mm of displacement, while the simulated displacement of the 
graded geometry with acrylic inserts is 0.0016 mm, acquired from Figure 17. The negligible difference 
between the theoretical and simulated critical point displacement illustrates that the spring analogy could 
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where U , L , ,unit Lk , and ,unit Lx  are number of unit cell per layer, number of layers, unit cell stiffness per 




3.6 Magnetoelastic metamaterials  
After the geometric concept have been systematically investigated, the three graded layers architecture is 
then applied to MMs to experimentally observe its collapse properties on such material system. Like shown 
in Figure 20, both the anisotropic and the isotropic specimen undergo three collapse stages at different 
critical point displacement values. For the same layer collapses, the anisotropic specimen layers seem to 
buckle at slightly lower displacement values when compared to the isotropic specimen. Assuming that 
anisotropic and isotropic specimens represent magnetic field presence and absence during testing, then such 
slight difference in critical points can be leveraged to initiate and halt buckling using the magnetic field. 
Thus, activating the magnetic field for short intervals of time can result in significant stiffness changes 
when operating near critical points and allow for improved control of elastic buckling through via non-
contact forces. Furthermore, hysteresis in both anisotropic and isotropic specimen increases at critical 
points. When such MMs are dynamically loaded, the critical points can be further leveraged to locate 
displacement constraints that allow for maximal vibration energy absorption.  
 
 
Figure 20. Force output as a function of displacement for anisotropic and isotropic magnetoelastic metamaterial 





Adaptive vibration control is crucial to protect structures in myriad engineering applications where adequate 
isolation is needed across various loading patterns and characteristics. Recent research have explored 
magnetorheological elastomers as a method to control real-time material system properties in vibration 
isolators. Due to various control limitations of such materials, magnetoelastic metamaterials have been 
investigated which leverage the combined influences of applied magnetic fields and the reconfiguration of 
internal void architectures. Yet, the opportunity to fully exploit internal void architectures in the concept of 
magnetoelastic metamaterials remains unfulfilled. 
To systematically uncover the complete behaviors of a geometric series, finite element modeling of unit 
cell representations is simulated to explore the fundamental behaviors of the collective architecture. Two 
types of crossed beams unit cells are modeled in this investigation with applied periodic boundary 
conditions to mimic their behaviors in a larger system. Using the unit cells, systematic methods are used to 
design full geometric models that are periodically constructed in a 2D plane with uniform and graded unit 
cell beam thicknesses. Such geometries are initially simulated with homogenous silicone rubber properties 
and repeated with a multi-material system that includes acrylic inserts in the architectures. Through 
specimen fabrication and quasi-static compression, the results are experimentally validated and then 
analyzed to uncover the collapse behaviors of such material system properties. Furthermore, the geometric 
concept is also applied to anisotropic and isotropic specimens to experimentally explore its practicality in 
magnetoelastic metamaterials.  
The unit cell investigation illustrate rotational buckling behaviors at critical point displacement values that 
increase with increasing beam thickness. With increased systematic addition of unit cells in the single layer 
geometry, convergence to the perfectly periodic unit cell behavior is observed. Vertical periodicity of 
uniform layers illustrated a single global collapse while graded layers illustrated multiple collapses; yet, 
due to excessive stress distribution between layers, collective unit cell behaviors in the layered geometries 
deviated from the theoretical behaviors seen in the unit cell investigation. By inserting acrylic plates in 
horizontal beams, stress distribution between layers was limited and uniform unit cell behavior was shown 
throughout the geometries. Through spring model systems and unit cell data, stiffness and critical point 
displacement values were accurately predicted in material systems with such internal void architectures. As 
a result of this research, magnetoelastic metamaterials with this geometric concept can be operated around 
calculated critical point displacement constraints to leverage elastic buckling through minimal magnetic 
field contributions.  
Future experimentation should include further procedures with magnetoelastic metamaterials that explore 
such geometric concept under the magnetic field in real-time. This investigation represented the effects of 
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the magnetic field via the alignment of ferrous particles during curing, which is an assumption that ignores 
the dynamic behaviors of the particles under the effects of the magnetic field. As a result, such procedure 
would provide valuable observations of unit cell behaviors when the magnetic field is initiated during the 
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5.1 Sample Abaqus code for applying periodic boundary conditions on unit cells  
####################### 
# This code can be used to apply periodic boundary conditions to a 2D model. 
# Before running this script in Abaqus, the following must happen: 
# - Create part, material, instance of part, and assembly 
# - Assign left, right, top bottom faces 
# - Create two reference points (as parts), called RefPoint1 and RefPoint2 
# - Make an instance of RefPoint1 and Refpoint2 in the assembly, called 
RefPoint1-1 and RefPoint1-2 
# - Mesh the part, ensuring consistent mesh on all edge faces subject to 
periodic constraints 
#  





from part import * 
from material import * 
from section import * 
from assembly import * 
from step import * 
from interaction import * 
from load import * 
from mesh import * 
from optimization import * 
from job import * 
from sketch import * 
from visualization import * 







from odbAccess import * 
from abaqus import * 
from abaqusConstants import * 
from caeModules import * 
from driverUtils import executeOnCaeStartup 
 
modelName = 'Model-1' #model name from tree 
partName = 'Small_Pattern_RVE' #part name from tree 
instName = 'Small_Pattern_RVE-1' #instance name 
left_side = 'Left Faces' #set corresponding to left surface  
right_side = 'Right Faces' #set corresponding to right surface 
top_side = 'Top Surface' #set corresponding to top surface 








  referencePoints=( 
  mdb.models[modelName].parts['RefPoint1'].referencePoints[1], )) 
mdb.models[modelName].parts['RefPoint2'].Set(name='SetRefPoint2',  
  referencePoints=( 







for i in mdb.models[modelName].parts[partName].sets[left_side].nodes: 
  a=a+[(i.coordinates[1],i.label)] 
a.sort() 
rep=1 
for i in a: 
  mdb.models[modelName].parts[partName].Set(name='Node-'+str(rep), nodes= 
    mdb.models[modelName].parts[partName].nodes[(i[1]-1):(i[1])]) 
  rep=rep+2 
#right wall 
a=[] 
for i in mdb.models[modelName].parts[partName].sets[right_side].nodes: 
  a=a+[(i.coordinates[1],i.label)] 
a.sort() 
rep=2 
for i in a: 
  mdb.models[modelName].parts[partName].Set(name='Node-'+str(rep), nodes= 
    mdb.models[modelName].parts[partName].nodes[(i[1]-1):(i[1])]) 




for i in mdb.models[modelName].parts[partName].sets[bottom_side].nodes: 
  a=a+[(i.coordinates[0],i.label)] 
a.sort() 
rep=2*LenAV+1 
for i in a: 
  mdb.models[modelName].parts[partName].Set(name='Node-'+str(rep), nodes= 
    mdb.models[modelName].parts[partName].nodes[(i[1]-1):(i[1])]) 
  rep=rep+2 
#top wall 
a=[] 
for i in mdb.models[modelName].parts[partName].sets[top_side].nodes: 
  a=a+[(i.coordinates[0],i.label)] 
a.sort() 
rep=2*LenAV+2 
for i in a: 
  mdb.models[modelName].parts[partName].Set(name='Node-'+str(rep), nodes= 
    mdb.models[modelName].parts[partName].nodes[(i[1]-1):(i[1])]) 




#Constraint equations for nodes 
rep=3 




  mdb.models[modelName].Equation(name='Constraint-x-'+str(i+1),  
    terms=((1.0, instName+'.Node-'+str(rep), 1),(-1.0, instName+'.Node-
'+str(rep+1), 1),  
    (-1.0, 'RefPoint1-1.SetRefPoint1', 1),(0, 'RefPoint2-1.SetRefPoint2', 
1))) 
  rep=rep+2 
rep=3 
for i in range(0,LenAH-2): #bottom/top nodes (rep=0,1,-1,-2) already y-
constrained on top/bottom surf 
  mdb.models[modelName].Equation(name='Constraint-y-'+str(i+1),  
    terms=((1.0, instName+'.Node-'+str(rep), 2),(-1.0, instName+'.Node-
'+str(rep+1), 2),  
    (-1.0, 'RefPoint1-1.SetRefPoint1', 1),(0, 'RefPoint2-1.SetRefPoint2', 
2))) 





  val=0 
time.sleep(1) 
rep=2*LenAH+1+2*val 
for i in range(LenAH,LenAV+LenAH-val): 
  mdb.models[modelName].Equation(name='Constraint-x-'+str(i+1),  
    terms=((1.0, instName+'.Node-'+str(rep), 1),(-1.0, instName+'.Node-
'+str(rep+1), 1),  
    (-1.0, 'RefPoint1-1.SetRefPoint1', 1),(0, 'RefPoint2-1.SetRefPoint2', 
1))) 
  rep=rep+2 
  j=i+1 
 




  terms=((1.0, instName+'.Node-'+str(n), 1),(-1.0, instName+'.Node-
'+str(n+1), 1),  
 (-1.0, 'RefPoint1-1.SetRefPoint1', 1),(0, 'RefPoint2-1.SetRefPoint2', 
1))) 
mdb.models[modelName].Equation(name='Constraint-x-'+str(c+1),  
 terms=((1.0, instName+'.Node-'+str(n+2), 1),(-1.0, instName+'.Node-
'+str(n+3), 1),  






 terms=((1.0, instName+'.Node-'+str(n), 2),(-1.0, instName+'.Node-
'+str(n+1), 2),  




 terms=((1.0, instName+'.Node-'+str(n+2), 2),(-1.0, instName+'.Node-
'+str(n+3), 2),  
40 
 









# for i in range(LenAH,LenAV+LenAH-val): 
  # mdb.models[modelName].Equation(name='Constraint-y-'+str(i+1),  
    # terms=((1.0, instName+'.Node-'+str(rep), 2),(-1.0, instName+'.Node-
'+str(rep+1), 2),  
    # (1.0, 'RefPoint1-1.SetRefPoint1', 2),(0, 'RefPoint2-1.SetRefPoint2', 
2))) 























5.2 Sample MATLAB code for data processing  
%% data acquisition toolbox NI  
% clear all 
% warning off 
  
%%  
% preset post-processing built for load-frame experiments using load cell 
% and displacement transducers 
  
%% acquire data? 
dataacquire=1; % yes for acquire 
  
%% experimental setup parameters 
d.test_name='load_frame'; % type of excitation delivered to beam 
d.load_rate=.5; % [mm/min] rate of load frame displacement during experiment 
  
%% test specimen name, parameters 
d.specimen='Three_Vertical_Layers_Gradient_Acrylic'; % specimen name, or 
no_specimen if none 
d.material='mold_star_15s_acrylic'; % base material from which specimen is 
derived 
d.thickness=26e-3; %specimen undeformed thickness [m] 
  
%% data acquisition setup parameters 
d.fs=32*1; % sampling frequency [Hz] 
d.wind=@hann; % window type for averages 
d.seconds=2410; % [s] seconds of data acquisition 
d.filter_data_lo=.5; % [Hz] of low pass cut off frequency 
  
%% filename for save d structure 
c=clock; % grab the time-stamp, eliminates possibility of data overwrite 
d.filename=[num2str(c(1)) '_' num2str(c(2),'%02.0f') '_' 
num2str(c(3),'%02.0f') '_' num2str(c(4),'%02.0f') '_' num2str(c(5),'%02.0f') 
'_' num2str(c(6),'%02.0f') '_' d.test_name '_' d.specimen '.mat']; 
saveon=1; % save the data? 0 = no |1 = data 
  
%% sensor sensitivity  
d.sensor{1}='PCB_110205A_SN920_load_cell_and_signal_conditioner_8162011A_SN12
73'; 
d.ch_sens(1)= 111.2/10; % N/V 
d.sensor{2}='Micro_epsilon_optoncdt-ILD1700-
200_laser_displacement_sensor_SN1503086'; 
d.ch_sens(2)=200/10; % mm/V 
  
%% mean sensor values [V] for each channel, to be subtracted from the input 
before sensitivity to [units] 
d.data_mean(1)=0.498393978005102 ; %  
d.data_mean(2)=3.129627892125955; %  
  
%% if for data acquisition 
if dataacquire==1 % 1=yes for acquire   
   




% once obtained, ensure using correct device name in below session and 
acquire lines 
  
%% acquire data 
s=daq.createSession('ni'); 
s.addAnalogInputChannel('Dev1',0,'Voltage'); % add input channels 
s.addAnalogInputChannel('Dev1',1,'Voltage'); % add input channels 
s.Rate=d.fs; % set output and measuring frequency [Hz] 














%% assign filtered data 
% ch_f = filter(myfilt,d.ch_sens.*(d.data-d.data_mean)); 
ch_f(:,1) = filter(myfilt,d.ch_sens(1).*(d.data(:,1)-d.data(1,1))); 
ch_f(:,2) = filter(myfilt,d.ch_sens(2).*(d.data(:,2)-d.data(1,2))); 
d.data_filt=ch_f; % re-assign filtered data from local to structure variable 
  
%% plot 
colors=['r' 'g' 'b' 'c' 'm']; 































% xlabel('strain [mm/mm]'); 
% ylabel('stiffness [N/m]'); 
% ylim(1e3*[-2 6]) 














%% save data 
if saveon > 0 
  d.data_filt=[]; 
  save(d.filename,'d'); 
end 
  
%% 
 
 
